A large number of salt bodies do contain layers of carbonate material, often called 'stringers'. The movement and deformation of those embedded carbonate bodies is a process which is not fully understood yet. In particular, given the density contrast between the salt and the denser carbonates, the stringers tend to sink towards the bottom of the salt bodies at a velocity which is highly dependent on the mechanical properties of both the salt and the carbonates. We have chosen to employ Finite Element Modeling (FEM), using the FEM package ABAQUS (SIMULIA, Dassault Systems), for the numerical simulation of the sinking of carbonate stringers embedded in the salt. In order to confirm the validity of the chosen numerical approach we show the results of three sets of numerical simulations performed to compare the flow behavior of salt in our FE model to both theoretical and experimental results. This is an efficient preparation for the FEM simulation of the sinking of a carbonate stringer embedded in the salt.
Introduction
Inclusions of carbonate bodies are common in salt diapirs. The rise and fall of a dense layer in salt diapirs is modeled in numerical way by Chemia, (2008) [1] . The influence of sinking blocks on salt diapirs is modeled by Koyi et al. (2001) [2] . The upward transport of inclusions in Newtonian and power-law salt diapirs is researched by Weinberg (1993) [3] . The analogue model is set up to see the influence of sinking blocks on salt diapirs in Koyi et al. (2001) [2] . Some reports focus the in-situ stress model of the stringer in salt such as Van den Bogert et al. (1998) [4] , Eelman et al. (1997) [5] . In addition, some research about the deformation of salt diapirs has been published: mechanics of active salt diapirism is introduced by Schultz-Ela et al. (1993) [6] , numerical model is set up for the initiation of salt diapirs with frictional overburdens by Poliakov et al. (1993) [7] , the models of the salt flow by overburden are built in Koyi et al. (1996) [8] , the shaping of the salt diapirs is researched in Koyi et al. (1998) [9] , the effective viscosity of rocksalt is discussed by van Keken, his research in connection with the program on radioactive waste management.
In this paper, we discuss the sinking of a stringer in salt blocks or domes and the influence by initial geometry and material conditions. For the validation of our numerical modeling approach we use three sets of simulations. First we compare the relation between strain rate and differential stress in a FEM simulation of the uniaxial compression of a cylindrical salt body with varying rheological parameters to the stress-strain relations measured experimentally for such a setup by Urai and Spiers (2007) [10] . In order to explore the rheology of rocksalt, summaries of behaviour observed in experiments have been published by, for example, Urai et al. (1986) [11] , Cristescu & Hunche (1998) [12] , Hunsche & Hampel (1999) [13] , Fossum & Fredrich (2002) [14] . Ter Heege et al. (2005a; 2005b) [15, 16] indicated that geological strain rate salt is in the transition regime where both dislocation creep and solution-precipitation creep mechanisms operate. If the dislocation creep and pressure solution act in parallel, the steady-state flow of a salt can be expressed that total strain rate is the summation of the strain rate from dislocation creep processes and the strain rate from pressure solution in Spiers and Carter (1998) [17] . In our research, the strain rate is related to the flow stress using a power law creep equation:
has been used where έ is the strain rate, Δσ is the differential stress and A=A 0 exp(-Q/RT) is the viscosity of the salt. Within the viscosity described above, A 0 is a material dependent parameter, Q is the specific activation energy while R is the gas constant (R=8.314Jmol -1 k -1 ) and Tis the temperature. The other mechanism is solution-precipitation creep,
and the strain rate is dependent on the strain size D, Δσ=σ 1 -σ 3 is the differential stress and B=B 0 exp(-Q/RT)[(σ 1 -σ 3 )/TD m ] is the viscosity of the salt. Within the viscosity described above, B 0 is a material dependent parameter, Q is the specific activation energy while R is the gas constant (R=8.314mol -1 k -1 ) and T is the temperature. The order m influences strain rate dependent on the grain size.
As a second validation test a simulation of the flow of a power law fluid between two flat plates has been performed. This includes both Newtonian (for n=1) and non-Newtonian (for n>1) rheologies. The numerical solution for the flow velocity is compared to the analytical solution given by Turcotte & Schubert (1982) [18] . As the third test, comparison of simulated Newtonian creep with theoretical result is performed. We investigate the gravitational sinking of a ball in rectangular salt body.
Validation Tests
As a first test to validate our simulation approach we compared the stress-strain relations obtained from the numerical modeling of the deformation of a material with a power law rheology described by equation (1) with the equivalent stress-strain relations observed in laboratory experiments by Urai and Spiers (2007) [12] . For this purpose, two simulation models are used, one consists of a salt cylinder with a height of 20m and a diameter of 5m. While we are considering the 3D problem, we use an axi-symmetric model to simplify the calculations. The other model consists of a 1m high and 8m wide salt block under 2D plain strain conditions. The rheology of the salt is taken from Urai, J.L. et al. (2007) [12] . i.e., we use power law creep with a viscosity A 0 =7.26×10 -6 MPa -5 s -1 , a power law exponent n=5 and activation energy Q=53920J/mol. We assume a temperature T=290K. The elastic parameters of the salt, i.e. a density ρ=2040kg/m3, a Young's modulus E=10GPa and a Poisson ratio υ=0.499 which is taken from Colin, M.S. (2008) [19] . For both model geometries two types of simulations are performed, one using prescribed strain rates to obtain a differential stress at a given strain rate, in the other the stress is controlled to examine the evolution of the strain at constant stress and to see the model converge towards a steady-state behavior. The results from these simulations show that for the parameters chosen, the relation between differential stress and strain rate fits exactly into the experimental results in Figure 1 .
As a second test which is mainly aimed to ensure that our simulation methodology does correctly treat the heterogeneous deformation of non-Newtonian viscous materials we modeled the 2D steady-state flow of a power-law fluid between two parallel plates. This is one of the few problems concerning the flow of a fluid with non-linear rheology where an exact analytical solution is known. The velocity profile within a non-Newtonian fluid flowing between two parallel plates can be determined analytically using the following equation [20] : [10] . The data points marked "Halite" are experimental data contained in the original figure whereas the numerical data are from this work. Our numerical model consists of a 2km high and 6km wide salt block under plain strain conditions. We use the same elastic properties as above, i.e. density n  . The results of the numerical simulations (Figure 3, 5, 7) show a good agreement with the theoretical predictions. Figure 4, 6, 8 exhibit the errors between numerical and analytical solutions when three different meshes are used. As is shown in Figure 4, 6, 8 , the error will decrease gradually when a finer mesh is used.
As the third test, comparison of simulated Newtonian creep with theoretical result is done below. A sinking velocity formula called Stoke's law is used to evaluate the numerical results in the model. The velocity of a ball in a steady-state Newtonian fluid (n=1) can be expressed below:
where v s is the steady-state sinking velocity , r is the radius of the ball , g is the gravity acceleration, ρ p is the density of the ball and ρ f is the density of salt and η s is the shear viscosity of salt. Our numerical model consists of a 5km radius and 2.5km high salt block under axi-symmetric conditions. A ball with 150m radius is located in the center. We use the elastic properties i.e. salt density ρ=2040kg/m3, salt Young's modulus E=10GPa and Poisson ratio υ=0.4, ball density ρ=2200kg/m3, ball Young's modulus E=10GPa and Poisson ration υ=0. 4 Figure 10) show a good agreement with the theoretical predictions. Table 1 exhibits the errors between numerical and analytical solutions when three different meshes are used. As is shown in Table 1 , the error will decrease gradually when a finer mesh is used.
Step 1: A visco calculation is done with the gravity loading (all area is salt material in order to get an equilibrium state), the state is as the initial stress condition for next step.
Step 2: Change the material property of the stringer in the salt, and calculate the sinking process. 
The unified velocity is expressed by v* η, and the unified time is expressed by t/ η. From the results we can see the sinking velocity decreases and converge to a value which is close to the theoretical value. The salt material is elasto-visco material, so that in the calculation two stages are included, one is elastic stage and the other is creep stage. In the first stage, the static loading due to the gravity deviation between the ball and the salt acts on the salt, and a sudden change about the displacement, the stress and strain in the salt take place. In the second stage, the high Mises stress concentrates around the ball due to the elastic stage and the elastic energy aggregates around the ball. When the salt begins to creep, the initial velocity is high due to high stress and strain rate. During the sinking process, the creeping salt will disperse the energy and the high Mises stress. Because the salt follows the power law relation έ=A(Δσ)n, where Δσ is Mises stress which decreases during the process, the strain rate decreases and then converge to a constant value. That is the reason why the sinking velocity will decrease from a high value and converge to the theoretical value strongly related to the salt viscosity.
Conclusion
The initial validation tests have shown that the chosen numerical approach is suitable for the simulation of the deformation of salt and the resulting movement of embedded carbonate bodies. In the tests, analytical solutions have been matched closely. The first test is for the compressive loading on the salt sample, we use the same parameter from the experiment and get the differential stress for different strain rates. The numerical solution is close to the experimental solution. The second test is to calculate the velocity of the flow and the numerical solution matches the analytical solution very well. The third test is to compare the sinking velocity of the ball with the Newtonian fluid solution. The initial validation tests have shown that the chosen numerical approach is suitable for the simulation of the deformation of salt and the resulting movement of embedded carbonate bodies. Further simulations have been used to evaluate the influence of model geometry and material parameters on the movement of a carbonate stringer embedded in salt.
